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ABSTRACT 

The period 1989-2000 provided a huge yield of preeise eleetroweak data 
from the LEP and SLC experiments. Many analyses of these data are now 
eomplete, but others, partieularly of the full LEP-2 data samples, eontinue. 
The main eleetroweak physies results from these data are summarised, and 
stringent tests of the Standard Model are made with the eombined samples. 
The direet seareh for the missing link of the Standard Model, the Higgs 
boson, is also briefly reviewed. 
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1 Introduction: Data Samples 


The Stanford Linear Collider, SLC, was the first electron-positron collider operating 
at centre-of-mass energies at and around the Z° pole. From the startup in 1989 to the 
final data collected in 1998, around 20pb~^ of integrated luminosity was accumulated, 
in very large part by the SLD detector. Although the data sample is modest when 
compared to that from LEP, the power to probe the Standard Model is greatly enhanced 
by the substantial electron beam polarisation, typically 75% in the later years of SLC 
operation. This unique feature of the Z° data collected by SLD results in the most 
precise single measurement of the weak mixing angle, as described below. 

The large electron-positron collider, LEP, sited at CERN, also started taking data 
in 1989, and each of the four experiments collected approximately 160pb”^ of data 
at and around the Z° peak in the years up to 1995, corresponding to a total of more 
than 15 million observed Z° decays. A several year programme to increase the acceler¬ 
ating voltage resulted in data-taking above the threshold for production from 

1996 to 2000. At these energies substantially increased luminosities were also possible, 
resulting in approximately 700 pb“^ of data being collected in this “LEP-2” phase of 
operation. As illustrated in figure [I], the cross-section for W-pair production is three 
orders of magnitudes lower than that at the Z peak, so that W-pair events collected are 
numbered in thousands rather than millions. 



Pig. 1. Hadronic e+e annihilation cross-section from the B factories to LEP-2. 







2 Production and Decays 

2.1 The Z° Lineshape 



Fig. 2. Schematic illustration of the extraction of the Z° lineshape parameters from the 
measured cross-sections at LEP.i 


The measurement of the cross-section for fermion pair production at and around 
the Z° pole was used to measure the Z mass and width, as illustrated schematically 
in figure Note that a substantial correction is needed for the effects of QED initial- 
state photon radiation (“ISR”). The analyses from the four EEP experiments have now 
been final for some timeJ3 and combining themi yields: 


Mz = 91.1875 ± 0.0021 GeV (1) 

Tz = 2.4952 ± 0.0023 GeV . (2) 


The measurement of the cross-sections to different particle types, either inclusive 
hadrons, different charged lepton species, or tagged primary quark flavours, gives ac¬ 
cess to the individual Z° partial decay widths, Tjj, via 
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after correction for ISR effects and for the effects of the t-channel diagrams in the case 
of the Bhabha scattering process The extremely high statistics available 







at the three most preeisely measured points, at the Z° peak and ±2 GeV away, are 
illustrated in figure ||. 



[GeV] [GeV] 

peak'2 peak 



Ecm [GeV] 


Fig. 3. Detail of the hadronie eross-seetion measurements from LEP around the highest 
statisties points .i 

Further use is made of the Z lineshape results to derive the partial deeay width of 
the Z° to unobserved (invisible) deeays, Finvis: 

Tz = ( ^ r Jj) + Finvis (4) 

visible / 

where the sum over visible deeay produets uses the hadronie deeay width and the 
individual eharged leptonie ones. If neutrinos are further assumed to have Standard 
Model eouplings, the number of light neutrino speeies may also be determined from 
Ny = ri„^is/r^^(SM), giving: 


Ny = 2.9841 ± 0.0083 . (5) 

Measuring individual Z fermionie deeay widths gives aeeess to the sum of the 

squares of the veetor and axial-veetor eouplings of the fermion speeies to the Z°, 

r^j cx {gyj + g\f)- While this is straightforward for the eharged lepton flavours, 

for quark deeay modes it requires high quality flavour tagging: this is only available in 

praetiee for b and e quarks, where eombinations of tags, utilising sueh properties as the 

high b mass and lifetime, are employed. The results obtained are usually expressed in 

r — 

terms of the ratios Rq, defined by Rq = Although the performanee of sueh tags 
































can be excellent in terms of efficiency and purity, especially for b quarks, the precise 
performance cannot be simulated adequately. This is circumvented by the use of “dou¬ 
ble tag” techniques, where the tag is applied independently to the two hemispheres of 
an event, allowing the tagging efficiency and Rq both to be determined. Combining the 
LEP and SLD results,! the results for Rf, and Rc as shown in figure ^ are obtained. The 
Standard Model prediction describes the data well, in contrast to the situation seven 
years ago^ when the first precise measurements of Rb were available. 



Fig. 4. Measured values of Rt and Rc compared with the Standard Model expectation 
(the arrow shows the effect of varying the top mass over the range 174.3±5.1 GeV. 
Results are corrected to the Z pole (denoted by the 0 superscript). 


2.2 Asymmetries 

More information about electroweak parameters is contained in Z° events, basically 
independent of the cross-section measurements, via the measurement of asymmetries. 
Many asymmetries have been measured at LEP, and a further powerful probe is possible 
with the polarised electron beam at SLD. 

In the framework of the Standard Model, the various measured asymmetries - af¬ 
ter correction for ISR effects - may be written in terms of the asymmetry parame¬ 
ters A defined hy A f = which is simply a function of the ratio — = 

^ ^ iavf+gAf) 9Af 




1 — 4|(5/|sin^ The effective weak mixing angle sin^ differs slightly for differ¬ 
ent fermion species, although in practice most asymmetries probe the value for charged 
leptons, sin^ For example, the forward-backward asymmetry, defined as the ra¬ 
tio Afb = where (Jf{b) is the cross-section for fermions / scattering in the 

same (opposite) hemisphere as the original electron beam direction, may be expressed 
as A^pb = \AeAf. As before, the zero superscript denotes correction for ISR effects to 
Z pole quantities. 

The single most precise measurement of sin^ ^efr comes from the precise measure¬ 
ment of the left-right polarisation asymmetry at SLD. This asymmetry is defined simply 
as 


, _ (Nl-N^) 1 

(Nl + Nr) (P.) 

where Nb(Nji) are the numbers of observed Z° events for left and right handed beam 
polarisations, and (Pg) is the mean electron beam polarisation. Knowledge of the mean 
beam polarisation is therefore a major experimental challenge of this measurement, 
and it is measured with three different techniques at SLD. The final result obtainedi is 
A^lr — 0.1514 ± 0.0022, which can be combined with other SLD asymmetry measure¬ 
ments! to give sin^ = 0.23098 ± 0.00026. 
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Fig. 5. Measured couplings of the Z° to charged leptons, compared with the Standard 
Model prediction. This prediction is given for a range of Higgs masses between 114 
and 1000 GeV, and top mass of 174.3P5.1 GeV. The arrows indicate the directions of 
increasing mass. 


Combining together the leptonic asymmetry measurements gives an overall value 











of Ai = 0.1501 ±0.0016. This may be further combined with Z° leptonic decay widths 
to extract the individual couplings of the Z° to the individual lepton species. The results 
are shown in figure ^ both without and with the assumption of lepton universality. The 
data are seen to be quite consistent with lepton universality in the neutral current. It 
is also evident that there is a strong sensitivity to the effects of electroweak radiative 
corrections, beyond the well-known effects of photon radiation, which alone would give 
the prediction shown at the right-hand side of the plot, labelled Aa. This illustrates the 
sensitivity of the precise electroweak data to the mass of heavy particles such as the 
top quark and Higgs boson via loop corrections, when the Standard Model structure of 
radiative corrections is assumed. 

In addition to those for charged leptons, forward-backward asymmetries are also 
measurable for b and c quarks. Excellent flavour tagging is needed, as for the measure¬ 
ments of and Re- In addition, charge tags are needed to separate quark-initiated jets 
from those initiated by antiquarks. This is typically provided by multivariate discrimi¬ 
nants whose performance is calibrated with data, or from semileptonic decay tags. The 
measured valuesi of and App are shown in figure ^ after combination between 
experiments. 



Fig. 6. Measured heavy quark forward-backward asymmetries compared with the Stan¬ 
dard Model predictions. The arrows on the prediction show the effect of varying the 
Higgs mass between 114 and 1000 GeV, and the top mass over 174.3±5.1 GeV. 


It is interesting to note that, although the heavy quark forward-backward asym- 




metrics measure the combination AeAf (f=b,c), the main sensitivity to the electroweak 
mixing angle sin^ 6es arises from Ae, so that the measurements effectively probe sin^ 

Ab and Ac are relatively precisely predicted by the Standard Model, with little depen¬ 
dence on the Higgs or top quark masses. 

A comparison of the sin^ values extracted from the different asymmetry mea¬ 
surements is shown in figure 0. A posteriori, it is observed that the two most precise 
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Fig. 7. sin^ 6'ggP* as derived from various asymmetry measurements. The Standard 
Model prediction (bottom) is shown for a range of Higgs masses. 

sin^ 0*^* measurements agree only at the 2.9cr level. However, this is an old problem: 
the discrepancy has been around 3a for the last six years, even though the measure¬ 
ment errors have improved by a factor of 1.5. In the context of the Standard Model, 
the results can alternatively be summarised as saying that prefers a Higgs mass 
Mh ~ 400 GeV — unlike most other observables which prefer a low Mu, close to, or 










even below, the eurrent direet seareh limits. 


3 LEP-2: Fermion and W Pair Production 

3.1 Fermion-Pair Production at High Energy 



Fig. 8. Fermion-pair produetion at LEP-2. Left: a/s' distribution for qq events at 207 
GeV eentre-of-mass energy; Right: qq eross-seetion, inelusive and non-radiative. 

At LEP-2 eentre-of-mass energies (130-209 GeV) fermion-pair events very largely 
divide into two eharaeteristie populations aeeording to the invariant mass (a/V) of 
the final-state fermions. This is illustrated in figure ||(left): some events have 
elose to the full eentre-of-mass energy (“non-radiative”) while others have one or more 
hard initial-state radiation photons whieh have lowered to around Mz (“radia¬ 
tive return”). The sizeable eontribution of radiative return events is illustrated by fig¬ 
ure [fright). 

The properties of non-radiative events thus probe the full eentre-of-mass energy of 
the eolliding beams, in eontrast to the radiative return events whieh should be typieal Z° 
deeays. It is therefore partieularly interesting to use the non-radiative eross-seetions and 
asymmetries to probe the quality of the Standard Model predietions: deviations eould 
indieate effeets of new physies at higher mass seales. LEP eombined eross-seetion 











and forward-backward asymmetry measurements! are shown in figure The Standard 
Model indeed eontinues to deseribe fermion-pair produetion at LEP-2 energies. 



Fig. 9. Measured non-radiative fermion-pair eross-seetions (left) and asymmetries 
(right) at LEP-2 energies, and eompared to Standard Model predietions. 


3.2 Production and Decays of W Bosons 

Most of the key physies goals of LEP-2 are based around the produetion of pairs of W 
bosons. Sinee the events eontain two W’s, the topologies fall into three quite distinet 
eategories, aeeording to whether both, one or neither W deeays hadronieally. In ap¬ 
proximately 46% of WW events both W’s deeay to quarks, giving a typieally four-jet 
final state, in a similar fraetion (44%) one deeays hadronieally and one leptonieally, 
giving two jets, a eharged lepton and missing momentum from the neutrino, and finally 
10% of WW events have two eharged leptons with large aeoplanarity arising from the 
two unobserved neutrinos. 

The seleetion of WW events is by now well established in the four LEP experi¬ 
ments!: typieal seleetion effioieneies and purities are 80-90%. The measured W-pair 
eross-seetion is shown in figure With a total LEP-2 integrated luminosity of around 
700 pb“^ per experiment, around 12000 WW events are observed by eaeh. 












Fig. 10. Measured WW eross-seetions at LEP-2, (left) eompared to predietions inelud¬ 
ing 0(a) effeets, and (right) showing the effeet if diagrams containing triple vector- 
boson vertices are omitted. 


Recently, substantial theoretical progress has been made incorporating 0(a) correc¬ 
tions into the predictions for W-pair production. This is illustrated in the inset of fig¬ 
ure im where the measurements are compared with predictions of the YFSWW0 and 
RacoonWW0 Monte Carlo programs. These calculations, including the main 0(a) ef¬ 
fects, describe the data well, but lie approximately 2% below predictions without these 
corrections. 


3.3 Gauge Structure of the Standard Model 



Fig. 11. Doubly-resonant W-pair production diagrams. 

Another important feature of W-pair production at LEP-2 is the substantial effect of 
diagrams containing vector-boson self-couplings, as shown in figure [n| along with the 
neutrino exchange diagram. The size of the contribution from these diagrams is shown 













in figure [T^: with only neutrino exehange the eross-seetion would be mueh higher and 
would eventually violate unitarity at higher eentre-of-mass energies. 

Sensitivity to the properties of the triple veetor boson vertiees arises not only through 
the total WW eross-seetion, but also through the differential eross-seetion as a funetion 
of the seattering polar angle, and through the W polarisation as a funetion of angle. The 
polarisation ean be probed using the W deeays as helieity analysers. The analyses0 of 
triple-gauge eouplings at LEP-2 make use of all these properties to extraet the most 
information about vertex eoupling faetors: eonventionally the main parameters studied 
are known as A and g^- In the Standard Model these are respeetively 1, 0 and 1. In 
extraeting these parameters from the data the effeets of 0(a) eorreetions are signifieant, 
and so these are now ineluded in the analyses. The eurrent, preliminary, LEP averaged 
results 


0.943 ±0.055 


(7) 

( 8 ) 
(9) 


A = -0.020 ±0.024 
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are eonsistent with these predietions, thus direetly demonstrating the gauge strueture of 
the Standard Model in the veetor boson self-eouplings. 

3.4 Measurement of the W Mass 

The eopious produetion of W pair events at EEP-2 allows the measurement of the W 
mass. Experimentally this employs the reeonstrueted direetions and energies of the 
primary W deeay produets, using jet direetions and energies to approximate those of the 
primary quarks, measuring eharged lepton momenta, and dedueing neutrino momenta 
from the missing momentum in the event. Information eomes primarily from events 
where at least one W deeays hadronieally - the double leptonie deeays having too 
few observables to extraet mueh information on Mw. Eor the qqqq and 

W+W“ —> qqiui events, a kinematie fit is made to improve the W mass resolution 
event by event: this fit imposes the eonstraints that the total energy and momentum 
of the W deeay produets equal that of the eolliding beams, and (usually) that the two 
deeaying W’s have the same mass. Whilst these eonstraints are not physieally exaet, 
due to initial-state radiation and the finite W width, these ean be modelled aeeurately in 
Monte Carlo simulation and so eorreeted for. The eorreetions are normally ineluded in 
the fitting proeedure by eomparing data direetly with simulated Monte Carlo. Typieal 
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Fig. 12. Reconstructed W mass distributions in the different WW decay channels. 

reconstructed mass distributions are shown in figure [^. The width of the distributions 
has a substantial contribution from the W width, and so fits may be made both for Mw 
alone, and for Mw and Fw simultaneously. 

With the full LEP-2 statistics, systematic errors are significant compared to the 
statistical errors, especially in the qqqq channel, which is now systematics 

dominated. In the absence of systematic errors, the statistical precision of the qqqq 
and qq£z/£ channels is similar: the effect of the large systematics in the qqqq channel 
is to deweight very substantially the contribution of this channel in the average. Much 
the most serious difficulty in the double hadronic decay channel arises from the fact 
that the two W’s decay with a separation much less than a typical hadron size. It is 
thus very possible that the two W decays interact with each other in the hadronisation 
process - the effect has been studied analytically in the perturbative phase and found 
to be small,0 but such a conclusion cannot be drawn for the non-perturbative region. 
Models are therefore necessary to consider such effects, and these are divided into 
two physical types, “colour-reconnection” and Bose-Einstein correlations, as indicated 
schematically in figure 
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Fig. 13. Schematic of final-state interaction models in doubly hadronic W-pair decays. 


The effect of Bose-Einstein correlations between the hadronic decay products of 
different W’s has been studied^ by the LEP experiments, which currently indicate that 
the effect on in the hadronic channel is quite small. Colour-reconnection (CR) 
models are also being studied in detail jil but here the effects are found to be large, and 
hard to control. Since colour reconnection may be thought of as the exchange of (mul¬ 
tiple) soft gluons, it is expected primarily to affect soft particle production. Substantial 
effort has been invested into understanding the relative effects of CR on the W mass 
measured by different experiments: the effects are found to be very similar, as might be 
expected. Several studies look at the distributions of soft particles between jets, where 
the effects of colour reconnection might be most visible: sensitivity is found to some 
models, such as the “SK-I” model implemented in JETSET,0 but not to others, such 
as the “AR-2” CR model implemented in Ariadne.0 Overall, the effect of these studies 
has thus been to establish rather well the effect of the different models on Mw, and to 
eliminate some of the most extreme cases, but the remaining systematic uncertainty on 
the W mass from the qqqq channel from this source is still estimated to be as much as 
90 MeV.@ 

Including these and all other systematic errors, the W mass values obtained by the 
four EEP experiments ,0 and their combination, is shown in figure [T^. The weight of 
the qqqq channel in the EEP average is just 9%. The EEP results are compared to those 
from the Tevatronlli: the individual measurements from the EEP experiments are of 
comparable precision to those from the Tevatron. Since the extraction methods are so 
different the EEP and Tevatron Mw results are quite uncorrelated, so combining the 
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Fig. 14. W mass measurements from LEP and the Tevatron. 

measurements results in a substantial improvement, giving a world average W mass 
precision of 34 MeV. 

The LEP experiments’ results for the W widthEl give a preliminary value of Fw = 
2.150 ± 0.091 GeV when combined, compared to a value of Fw = 2.115 ± 0.105 GeV 
obtained from the Tevatron measurements using the high-p^ tail of the lepton momen¬ 
tum distribution.0 The combined Fw vs Mw contours are shown in figure |T^: the W 
width is in good agreement with the Standard Model expectation; the W mass is quite 
sensitive to the Higgs mass in the Standard Model framework, and favours a low Higgs 
mass. 


4 Global Electroweak Tests 

The various electroweak measurements discussed in the preceding sections can be com¬ 
bined to provide global tests of the description of the precise electroweak data by 
the Standard Model. In addition, results from NuTeviil and atomic parity violationil 
are included. The Standard Model predictions are provided by the ZFITTERil and 
TOPAZoiil electroweak libraries. Typically in the fit, parameters such as Mi, as{Mi), 
and aemiM^) are allowed to vary, but are strongly constrained by measurements at 
the Z lineshape {Mi, as) or lower energies {aem)- Of most interest are the parameters 
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Fig. 15. W mass and width results, compared to the Standard Model expectation. This 
prediction is given for a range of Higgs masses between 114 and 1000 GeV, and top 
mass of 174.3±5.1 GeV. The arrows indicate the directions of increasing mass. 

Mw,Mt and Mh, all three of which may be predicted from fits to data excluding any 
direct measurements. In the case of the W and the top these may be compared with 
the direct measurements, and in the case of Mr the predictions can be compared with 
current experimental search limits. 

The results of a fit including all electroweak data except the direct W and top mass 
measurements is shown in figure [T^, with results shown by the solid contour. The 
predictions are consistent with the direct measurements of these masses, shown by 
the dashed ellipse, demonstrating that the Standard Model fit can correctly predict the 
masses of heavy particles, in the case of top via radiative loop corrections. The ellipses 
are compared also with the Standard Model prediction of the relationship between Mw 
and Mt as a function of Mr (diagonal bands): it is seen that both the precise lower 
energy data, and the direct measurements of the masses, favour a low Higgs mass in the 
Standard Model framework. 

A full electroweak fit is made including all the precise electroweak data, as indicated 
in figure |T^ The “pull” indicated is defined as the measured value of the observable 
minus the best fit value divided by the measurement error only. The overall of the fit 
is 29.7 for 15 degrees of freedom, corresponding to a 1.3% fit probability. This rather 
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Fig. 16. Predicted Mw and Mt. from the fit to Z pole and lower energy measurements 
(solid contour); from direct measurements (dashed); and using Standard Model inter¬ 
relations (diagonal bands) as a function of Higgs mass. 


high has the largest contribution from the new NuTeV measurement of sin^ 6*w in 
neutrino-nucleon scattering.0 Without this measurement, the fit x^ would be 11%. The 
next largest contribution comes from the b quark forward-backward asymmetry mea¬ 
surement, as noted earlier. It is worth noting that although the x^ for the fit is increased 
substantially by inclusion of the new NuTeV result, the electroweak parameters, partic¬ 
ularly Mh, extracted from the fit are little affected by whether this result is included or 
not. It is therefore of interest to go on to see what the Standard Model fit says about 
Mh. 


ure 


The x^ of the full Standard Model electroweak fit to all results is shown in fig- 
^ as a function of the Higgs mass. The shaded band around the central curve 


shows the effect of higher-order theoretical uncertainties, evaluated by varying ZFIT- 
TER/TOPAZO options and including an estimate of the effect of a partial inclusion of 
two-loop corrections. The lighter shaded region to the left of the plot indicates the re¬ 
gion experimentally excluded by direct searches, as discussed in the next section. The 
Higgs mass obtained from the fit is: 


Mh = 81^1 GeV 


(10) 
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Fig. 17. Measured and fitted electroweak parameters. 
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Fig. 18. Chi-squared of the Standard Model fit for different assumed Higgs boson 
masses. See text for details. 

corresponding to Mh < 193 GeV at 95% CL. This result includes preliminary results, 
and is valid only in the framework of the Standard Model. 

5 The Search for the Higgs Boson of the Standard Model 

Direct searches for production of Higgs bosons were carried out each time the centre- 
of-mass energy of LEP was raised. The final result^ are dominated by the highest 
energy data, which are reviewed briefly. Since the couplings of the Higgs boson are 
completely fixed in the Standard Model for any given Higgs mass, Mh, this is the only 
free parameter in these searches (this is relaxed if supersymmetric extensions to the 
Standard Model are considered, but these are beyond the scope of this paper). The 
main production process at LEP-2 energies would be the so-called “Higgs-strahlung” 
process, Z°H°. For Higgs masses in the relevant range 80 < Mh < 120 GeV, 

the main decay mode would be H—> bb, so that the key experimental techniques are 





high performance b tagging, and an excellent mass resolution to separate any possible 
signal from the irreducible background from Z°Z° production. 

It was therefore intriguing when ALEPH reported^ an excess of three high-mass 
events in the qqbb channel in September 2000, just before the planned end of LEP 
data-taking. The three events were consistent in their kinematics with production and 
decay of a Higgs of mass 115 GeV, although the rate was rather higher than expected. 
A long, and at times heated, debate followed, as a result of which a brief one-month 
extension of the EEP run was granted. 

Although the original events from AEEPH remain, the full analyses of the data of 
the other three experimentsil show no excess of events that might confirm the hypoth¬ 
esis suggested by the AEEPH data, and no significant excess is observed in the final 
combined sample. Instead a lower limitS can be placed on the mass of a Standard 
Model Higgs boson of 

Mh > 114.4 GeV (95% CL) (11) 

slightly below the expected limit of 115.3 GeV. 

6 Conclusions 

A wealth of electroweak measurements have been collected by EEP and SED in the 
last thirteen years, and only a brief overview of them could be given here. They are 
complemented in key places by measurements from the Tevatron. 

To select just a few from the very large range of highlights, these data have: 

• shown there are three light neutrino species 

• demonstrated radiative loop corrections 

• predicted the top quark mass 

• verified Standard Model triple gauge couplings 

• put many strong constraints on physics beyond the SM 

• indicated where to look for the Standard Model Higgs - although direct observa¬ 
tion was not possible 

In total, therefore, EEP and SED have provided a huge step forward for the Standard 
Model, but the final elucidation of the Higgs sector and the mechanism of electroweak 
symmetry breaking awaits future, higher energy, experiments. 
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